Introduction {#sec1}
============

Breast cancer (BRCA), with a global incidence of nearly 1.7 million new cases each year and over 520,000 deaths,[@bib1], [@bib2], [@bib3] is still the focus of scientific research. Currently, chemotherapy remains one part of standardized treatment for BRCA. Several chemotherapeutic drugs, including Cytoxan, Adriamycin, Fluorouracil, Methotrexate, and Tamoxifen are first-line medications. However, the development of drug resistance to these common chemotherapeutic drugs is the major obstacle for successful treatment.[@bib4], [@bib5], [@bib6] Drug resistance varies among different individuals,[@bib7]^,^[@bib8] and molecular targeted combination therapy is an important approach to overcome drug resistance. Identifying the mechanisms that promote chemoresistance is therefore important in improving the efficacy of chemotherapy, which could treat BRCA by preventing tumor growth recurrence.

Long non-coding RNAs (lncRNAs) lack the ability to encode proteins, but play a key role in the occurrence and development of diseases.[@bib9], [@bib10], [@bib11] The lncRNAs have dual effects in BRCA metastasis by regulating invasion, migration, and distant metastasis of BRCA cells.[@bib12] For example, LINC00963 (Ensembl: ENSG00000204054) promotes tumorigenesis and radioresistance in BRCA, and represents a potential target for the treatment of BRCA.[@bib13] The lncRNA termed HOTAIR (Ensembl: ENSG00000228630) shows increased expression in primary breast tumors and metastases, and the expression level in primary tumors is a good predictor of eventual metastasis and death.[@bib14] The transcript levels of GAS5 (Ensembl: ENSG00000234741), another lncRNA, were significantly reduced in BRCA, by controlling apoptosis and downregulation.[@bib15] SNHG5 (Ensembl: ENSG00000203875) promoted BRCA proliferation and cell-cycle progression by upregulation of PCNA (Ensembl: ENSG00000132646) expression.[@bib16]

Recently, some studies have shown that lncRNAs play important roles in the tumor drug resistance regulatory network, which can lead to drug resistance of tumor cells through abnormal regulation of target genes. Fernando et al.[@bib17] reported that high expression of lncRNA BALR-2 (Ensembl: ENSG00000237819) was related to prednisolone resistance in acute lymphocytic leukemia (ALL), and knocking out BALR-2 (Ensembl: ENSG00000237819) improved the sensitivity of B-ALL to chemotherapy drugs. The functional loss of lncRNA TP53TG1 (Ensembl: ENSG00000182165) led to abnormal activity of the YBX1 (Ensembl: ENSG00000065978) protein, which prevented cancer cell death induced by anti-tumor drugs and led to drug resistance of many common anti-tumor drugs such as 5-fluorouracil (chemotherapy drugs for gastric cancer and colon cancer) and irinotecan (chemotherapy drugs for colorectal cancer and BRCA).[@bib18] Furthermore, some lncRNAs are related to chemoresistance in BRCA. lncRNA ARA was found in the BRCA Adriamycin-resistant cell lines, McF-7/ADR and McF-7, by using a lncRNA microarray.[@bib19] However, there still urgently need to systematically develop efficient and reliable algorithms to predict the drug response-related lncRNAs (DRlncs) based on integrating data in BRCA patients.

lncRNAs cannot function independently, but rather interact with other molecules and coordinate with each other to play roles in physiological and pathological processes.[@bib20] Some studies have indicated that lncRNA specifically binds to microRNA (miRNA) and indirectly regulates the expression of miRNA target genes, thereby participating in biological processes related to malignant tumors.[@bib21] Some reports have shown that network analysis of aberrantly methylated lncRNAs in cancers indicates that lncRNAs with aberrant methylation patterns might be involved in cancer development and progression.[@bib22] Ning et al.[@bib23] developed a database to identify disease-associated single-nucleotide polymorphisms (SNPs) in human lncRNAs. Khurana et al.[@bib24] showed that genetic mutations in lncRNA were closely related to the development of malignant tumors and chemotherapy resistance. However, the above reports of lncRNA regulation are single reports, and few studies have been conducted by multi-omics. Importantly, more studies are needed to apply multi-omics in the DRlncs in BRCA.

In the present study, an integrated approach was developed to identify DRlncs in BRCA based on the expression of lncRNA, miRNA, messenger RNA (mRNA), methylation levels, and somatic mutations, and the survival data of cancer patients treated with drugs. Some DRlncs were identified for Adriamycin, Cytoxan, and Tamoxifen, and all samples for BRCA patients. The DR-gene co-expression networks were constructed and analyzed. Key DRlncs, such as HOXA-AS2, in drug resistance to Adriamycin were also characterized. In addition, some experiments were performed to confirm that HOXA-AS2 (Ensembl: ENSG00000253552) was related to Adriamycin resistance in BRCA cell lines, including T47D cells and MDA-MB-231 cells. Some DRlncs were associated with survival and other specific functions. Collectively, this study provided a feasible strategy for cancer drug repositioning, as well as novel findings regarding cancer-associated lncRNA discovery.

Results {#sec2}
=======

Identification of Individual DRlncs Based on Multi-omics Data Integration for Multiple Drugs in BRCA Patients {#sec2.1}
-------------------------------------------------------------------------------------------------------------

An integrated computational algorithm was developed to identify DRlncs for multiple drugs in BRCA based on multiple factors, including genes, miRNAs, methylations, and somatic mutations. A total of 14, 14, 23, and 15 DRlncs were identified for Adriamycin, Cytoxan, Tamoxifen, and all BRCA samples, respectively ([Figure 1](#fig1){ref-type="fig"}A). These DRlncs could be influenced by single or multiple factors in their drug responses in BRCA patients. Single or multiple factors had no impact on the p values of DRlncs. For Adriamycin, DRlncs AC117386 (Ensembl: ENSG00000241048), AL691403 (Ensembl: ENSG00000258740), BX324167 (Ensembl: ENSG00000235091), and HOX-AS2 (Ensembl: ENSG00000253552) all showed more significant results. DRlncs AC117386 (Ensembl: ENSG00000241048), AL691403 (Ensembl: ENSG00000258740), and BX324167 (Ensembl: ENSG00000235091) were influenced by a single factor; however, HOX-AS2 (Ensembl: ENSG00000253552) was influenced by four factors ([Figure 1](#fig1){ref-type="fig"}B). A similar phenomenon was also discovered for Tamoxifen, Cytoxan and all BRCA samples ([Figure 1](#fig1){ref-type="fig"}C; [Figure S1](#mmc1){ref-type="supplementary-material"}). The proportion of factor numbers was different for diverse drugs. For Adriamycin, DRlncs, which were influenced by two kinds of factor, were the largest contributor to all DRlncs ([Figure 1](#fig1){ref-type="fig"}D). However, DRlncs that were influenced by two kinds of factors involved the maximum proportion for Cytoxan, Tamoxifen, and all samples. Four lncRNAs, including AC010680 (Ensembl: ENSG00000267784), AC073611 (Ensembl: ENSG00000257605), AP001107 (Ensembl: ENSG00000245156), and AC008443 (Ensembl: ENSG00000233937), were identified as DRlncs in multiple drugs ([Figure 1](#fig1){ref-type="fig"}E). These DRlncs could be considered as common DRlncs and may have participated in multiple drug responses during BRCA treatments. DRlnc AC008443 (Ensembl: ENSG00000233937) was influenced by 14 genes, 32 methylation sites, and 4 somatic mutations in BRCA samples with Cytoxan and Tamoxifen ([Figure 1](#fig1){ref-type="fig"}F).Figure 1Identification of Individual DRlncs Based on Multi-omics Data Integration for Multiple Drugs in BRCA Patients(A) The bar plot shows the number of DRlncs for multiple drugs in BRCA patients. (B) The point plot shows the DRlncs for Adriamycin. The larger circles represent more significant p values of DRlncs. The x and y axes represent DRlncs and the number of factors. (C) The point plot shows the DRlncs for Tamoxifen. (D) The pie charts show the percent of diverse number of factors for multiple drugs. (E) The heatmap shows common DRlncs. Dark and light green represent DRlncs, which were influenced by three or two factors for multiple drugs, respectively. (F) The radar chart shows the numbers of methylation sites, genes, and mutations of DRlnc AC008443 (Ensembl: ENSG00000233937).

Individual DRlncs Showed Specific Features for Diverse Drugs in BRCA Patients {#sec2.2}
-----------------------------------------------------------------------------

To depict the characteristics of DRlncs for diverse drugs in BRCA, we further characterized the DRlncs. Most DRlncs were upregulated in drug-resistant samples for the four kinds of drug ([Figure 2](#fig2){ref-type="fig"}A). Risk score profiles were created to characterize the compactness of DRlncs for each drug in BRCA patients. Risk scores of somatic mutations showed a bimodal distribution in all four kinds of drug ([Figures 2](#fig2){ref-type="fig"}B--2E). Risk scores of methylation and miRNA showed unimodal distributions. Although there was an obvious difference of risk scores in diverse drugs, the last risk scores showed similar distributions in all drugs ([Figure 2](#fig2){ref-type="fig"}F). The results indicated that the trends of the last risk scores were consistent for all drugs. In addition, we also analyzed the expressions of DRlncs. For example, DRlnc HOXA-AS2 (Ensembl: ENSG00000253552), an lncRNA located between the HOXA3 (Ensembl: ENSG00000105997) and HOXA4 (Ensembl: ENSG00000197576) genes in the HOXA cluster, has been characterized as an oncogene in many kinds of cancer, including BRCA.[@bib25], [@bib26], [@bib27] Specifically, HOXA-AS2 (Ensembl: ENSG00000253552) plays an important role in the resistance of acute myeloid leukemia cells to Adriamycin.[@bib28] In our analysis, HOXA-AS2 (Ensembl: ENSG00000253552) was identified as a DRlnc in Adriamycin (p \< 0.001). HOXA-AS2 (Ensembl: ENSG00000253552) was upregulated in Adriamycin-resistant BRCA samples ([Figure 2](#fig2){ref-type="fig"}G). The HNRNPA2B1 (Ensembl: ENSG00000122566) gene, belonging to the A/B subfamily of ubiquitously expressed heterogeneous nuclear ribonucleoproteins, was downregulated in Adriamycin-resistant BRCA samples ([Figure 2](#fig2){ref-type="fig"}G). HOXA-AS2 (Ensembl: ENSG00000253552) and HNRNPA2B1 (Ensembl: ENSG00000122566) were negatively correlated (p = 0.0006, correlation = −0.446) in BRCA samples treated with Adriamycin ([Figures 2](#fig2){ref-type="fig"}H and 2I). All of the results indicated that computational accuracy and expression features of DRlncs were informative in BRCA patients.Figure 2Individual DRlncs Showed Specific Features for Diverse Drugs in BRCA Patients(A) The bar plot shows the number of upregulated and downregulated DRlncs for diverse drugs. (B--E) The density distribution curves show the distribution of scores of DRlncs for methylations (green), mutations (red), miRNAs (yellow), and genes (blue) with (B) Adriamycin, (C) Cytoxan, (D) Tamoxifen, and (E) all samples. (F) The density distribution curves show the distribution of the last scores of DRlncs for Adriamycin (green), Cytoxan (yellow), Tamoxifen (blue), and all samples (red). (G) The boxplots show the expressions of HOXA-AS2 (Ensembl: ENSG00000253552) and HNRNPA2B1 (Ensembl: ENSG00000122566) for Adriamycin-sensitive (green) and -resistant (red) BRCA patients. (H) The point plot shows the co-expression between HOXA-AS2 (Ensembl: ENSG00000253552) and HNRNPA2B1 (Ensembl: ENSG00000122566). (I) The heatmap shows the expressions of HOXA-AS2 (Ensembl: ENSG00000253552) and HNRNPA2B1 (Ensembl: ENSG00000122566). Red and blue represent high and low expression levels, respectively.

The DRlncs-Gene Co-expression Networks Related to Drug Response in BRCA {#sec2.3}
-----------------------------------------------------------------------

The strong co-expression between HOXA-AS2 (Ensembl: ENSG00000253552) and HNRNPA2B1 (Ensembl: ENSG00000122566) suggested that interactions between DRlncs-genes may be key ways of exploring the roles of DRlncs in drug response for BRCA patients. For each DRlnc that interacted with genes in diverse drugs, Pearson's correlation coefficients were calculated, and only significant ones with p \< 0.05 were extracted as effective DRlnc-gene interactions to construct co-expression networks for diverse drugs in BRCA. There were both positive and negative co-expression interactions for Cytoxan, Tamoxifen, and all samples except Adriamycin ([Figure 3](#fig3){ref-type="fig"}A). A total DRlnc-gene co-expression network including Adriamycin, Cytoxan, Tamoxifen, and all drugs was constructed ([Figure 3](#fig3){ref-type="fig"}B). Some hub and key DRlncs, including AC006064 (Ensembl: ENSG00000245667), HOXA-AS2 (Ensembl: ENSG00000253552), and AC008443 (Ensembl: ENSG00000233937), were discovered in this total co-expression network. The total DRlnc-gene network exhibited a scale-free distribution (R^2^ = 0.827), which was a specific topological feature of transcriptional regulatory networks ([Figure 3](#fig3){ref-type="fig"}C). The DRlnc-gene co-expression network for Adriamycin was constructed ([Figure 3](#fig3){ref-type="fig"}D). DRlncs HOXA-AS2 (Ensembl: ENSG00000253552) and AC073611 (Ensembl: ENSG00000257605) could be considered as two key hubs in the Adriamycin-related DRlnc-gene co-expression network. DRlncs were negatively correlated with the *CAPRIN1* (Ensembl: ENSG00000135387), *UPF1* (Ensembl: ENSG00000005007), and *CSTF2* (Ensembl: ENSG00000101811) genes ([Figure 3](#fig3){ref-type="fig"}E). In addition, *DRlnc*-gene co-expression networks for Cytoxan, Tamoxifen, and all samples were also constructed ([Figures 3](#fig3){ref-type="fig"}F--3H). All of the above results indicated that the *DRlnc*-gene co-expression networks may help to understand the mechanism of DRlnc for diverse drugs in BRCA.Figure 3The DRlnc-Gene Co-expression Networks Related to Drug Responses in Breast Cancer(A) The bar plot shows the number of positive and negative correlated interactions for diverse drugs. (B) The co-expression DRlnc-gene network for all drugs, including Adriamycin, Cytoxan, Tamoxifen, and all samples. The yellow circle and green triangle represent DRlnc and genes, respectively. The red and blue edges represent positive and negative interactions between DRlnc and genes, respectively. The thickness of edges represents correlation levels between DRlnc and genes. (C) The plots show the degree of distribution of the total DRlnc-gene co-expression network. (D) The DRlnc-gene co-expression network for Adriamycin. (E) The heatmap shows the expression level of DRlnc AC073611 (Ensembl: ENSG00000257605) and its interacting genes, including *CAPRIN1*, *UPF1* (Ensembl: ENSG00000005007), and *CSTF2* (Ensembl: ENSG00000101811). (F--H) The DRlnc-gene co-expression network for (F) Cytoxan, (G) Tamoxifen, and (H) all samples.

Some DRlncs Were Associated with Survival of BRCA Patients {#sec2.4}
----------------------------------------------------------

To evaluate the potential value of DRlncs as prognostic biomarkers for BRCA, we determined whether the DRlncs in diverse drugs were associated with survival. We used median values of DRlnc expressions as the cutoff to test the survival of BRCA patients. DRlnc BX322234 (Ensembl: ENSG00000226445) in Cytoxan, AC006059 (Ensembl: ENSG00000230084) in Tamoxifen, and AL158151 (Ensembl: ENSG00000204055) and UBXN10-AS1 (Ensembl: ENSG00000225986) in all samples were associated with survival ([Figures 4](#fig4){ref-type="fig"}A--4D). In addition, BRCA patients in the high-expression group exhibited a significantly shorter median overall survival than those in the low-expression group in all DRlncs except AC006059 (Ensembl: ENSG00000230084) for Tamoxifen. The results indicated that some DRlncs were associated with survival and served as specific prognostic biomarkers.Figure 4Some DRlncs Were Associated with Survival of Breast Cancer Patients(A1-D1) The Kaplan-Meier curves for the overall survival of two DRlnc groups with high- and low-risk expressions. The difference between the two curves was evaluated by a two-sided log rank test. (A2-D2) The expression distribution of the DRlnc in each drug. (A3-D3) The patient survival status of the DRlnc for diverse drugs in BRCA patients.

The Functions and Mechanism of DRlncs for Diverse Drugs in BRCA Patients {#sec2.5}
------------------------------------------------------------------------

We performed Gene Ontology (GO) enrichment analyses for all DRlncs with diverse drugs. Although DRlncs for diverse drugs were enriched in some different GO terms, most of them were enrichment in coat protein complex II (COPII) vesicle coating related with GO terms ([Figures 5](#fig5){ref-type="fig"}A--5D). COPII is a type of vesicle coat protein that transports from the rough endoplasmic reticulum to the Golgi apparatus. COPII vesicle coating and Golgi vesicle-mediated transport are closely related with development and treatment of BRCA.[@bib29] We inferred that these DRlncs participated in the process of COPII vesicle coating and Golgi vesicle-mediated transport to influence the drug response in BRCA patients. In addition, we inferred the possible mechanism of DRlncs in drug responses in BRCA. For example, we found HOXA-AS2 (Ensembl: ENSG00000253552) was a key DRlnc in Adriamycin for BRCA patients ([Figure 5](#fig5){ref-type="fig"}E). DRlnc HOXA-AS2 (Ensembl: ENSG00000253552) was regulated by three important genes, including *EIF4A3* (Ensembl: ENSG00000141543), *FMR1* (Ensembl: ENSG00000102081), and *HNRNPA2B1* (Ensembl: ENSG00000122566). These three genes were downregulated in Adriamycin-resistant BRCA patients, to promote overexpression of DRlnc HOXA-AS2 (Ensembl: ENSG00000253552), thus resulting in drug resistance to Adriamycin in BRCA patients. This series of changes also caused changes in other multi-omics. The methylation levels of cg09865454 and expression of miR-107 were dysregulated in drug-resistant BRCA patients. Overall, these results indicated the necessity of identifying DRlncs by integrating multi-omics data in BRCA. In addition, these findings could provide novel insights for characterizing the role of DRlnc in drug-resistant BRCA.Figure 5The Functions and Mechanism of DRlncs for Diverse Drugs in BRCA Patients(A--D) Bar plots show the p values of Gene Ontology enrichment terms for DRlncs for Adriamycin (A), Cytoxan (B), Tamoxifen (C), and all samples (D). (E) The possible mechanism of DRlnc HOXA-AS2 (Ensembl: ENSG00000253552) in drug responses for BRCA patients.

Validation of the Role of DRlnc HOXA-AS2 in BRCA {#sec2.6}
------------------------------------------------

We analyzed the expression of HOXA-AS2 (Ensembl: ENSG00000253552) in BRCA tissues from patients with or without Adriamycin-based neoadjuvant chemotherapy before surgery. Real-time PCR assays showed that, compared with samples from patients without neoadjuvant chemotherapy, the HOXA-AS2 (Ensembl: ENSG00000253552) expressions in samples from patients with Adriamycin-based neoadjuvant chemotherapy were significantly higher ([Figure 6](#fig6){ref-type="fig"}A). Moreover, Adriamycin-resistant T47D cells dramatically expressed higher levels of HOXA-AS2 than normal T47D cells. The same expression pattern was also confirmed in MDA-MB-231 cells and Adriamycin-resistant MDA-MB-231 cells ([Figures 6](#fig6){ref-type="fig"}B and 6C). To characterize the function of HOXA-AS2 (Ensembl: ENSG00000253552) in BRCA cells, we detected the efficiency of HOXA-AS2 (Ensembl: ENSG00000253552) knockdown in BRCA cells by real-time PCR assays ([Figure 6](#fig6){ref-type="fig"}D). [Figure 6](#fig6){ref-type="fig"}E shows that the Adriamycin-resistant BRCA cells had higher colony formation ability after treatment with 5 mg/L Adriamycin when compared with normal BRCA cells. However, HOXA-AS2 (Ensembl: ENSG00000253552) silencing reversed the colony formation ability of Adriamycin-resistant BRCA cells ([Figure 6](#fig6){ref-type="fig"}E). These results demonstrated that HOXA-AS2 (Ensembl: ENSG00000253552) might promote the Adriamycin resistance of BRCA cells.Figure 6HOXA-AS2 Promotes the Adriamycin Resistance of BRCA Cells(A) Quantitative real-time PCR was used to detect the expression of HOXA-AS2 in BRCA tissues from patients with or without Adriamycin-based neoadjuvant chemotherapy before surgery. The expression of HOXA-AS2 was examined by real-time PCR in normal or adriamycin-resistant (B) T47D and (C) MDA-MB-231 cells. (D) The efficiency of HOXA-AS2 (Ensembl: ENSG00000253552) knockdown by shRNAs was confirmed in BRCA cells. (E) With 5 mg/L Adriamycin treatment, colony formation assays were performed to analyze the proliferative ability of normal, Adriamycin-resistant, or HOXA-AS2 (Ensembl: ENSG00000253552)-knockdown Adriamycin-resistant BRCA cells.

Discussion {#sec3}
==========

Chemotherapy is currently the primary treatment for cancer, including BRCA, but its effectiveness is limited by individual differences in drug responses. Drug resistance is one of the causes of BRCA treatment failure. How to evaluate individual drug responses is therefore an urgent need for BRCA treatment. Most current studies have suggested the roles of some lncRNAs in drug responses. However, these studies focused on individual lncRNAs, which lacked a global view of lncRNAs for multiple drugs in BRCA. In the present study, a comprehensive and computational approach was developed to identify DRlncs for multiple drugs based on genes, miRNAs, methylations, and somatic mutations in BRCA. Thus, some DRlncs were identified and analyzed for Adriamycin, Cytoxan, Tamoxifen, and all BRCA samples. The co-expressions of DRlnc-gene networks for multiple drugs were constructed, and some key DRlncs, including HOXA-AS2 (Ensembl: ENSG00000253552), were identified. Some DRlncs were associated with survival and specific functions. In our analysis, most DRlncs were identified for only one kind of drug and showed drug specificity. Only four DRlncs were present in multiple drug groups. These DRlncs may have common functions with diverse drugs for BRCA resistance.

Studies have suggested that aberrant expression of lncRNAs is responsible for drug resistance in humancancers, including BRCA.[@bib30], [@bib31], [@bib32] Multi-omics changes usually appear in the process of lncRNA participation in drug responses. For example, H3K27me3 induces multidrug resistance in small-cell lung cancer by affecting HOXA1 (Ensembl: ENSG00000105991) DNA methylation via regulation of the lncRNA HOTAIR (Ensembl: ENSG00000228630).[@bib33] The lncRNA UCA1 (Ensembl: ENSG00000214049) is physically associated with the enhancer of zeste homolog 2, which suppresses the expression of p21 (Ensembl: ENSG00000124762) through histone methylation (H3K27me3) on the p21 (Ensembl: ENSG00000124762) promoter.[@bib34] Silencing lncRNA COMET (Ensembl: ENSG00000231210) markedly increases sensitivity to vemurafenib, a common inhibitor of mutated B-raf in BRAF- and RET-driven papillary thyroid carcinomas.[@bib35] The CT genotype (rs3200410 genotypes include CC, CT, TT) of rs3200401 MALAT1 (Ensembl: ENSG00000251562) polymorphism could serve as a toxicity biomarker.[@bib36] lncRNA SNHG6 (Ensembl: ENSG00000245910) promotes chemoresistance through ULK1 (Ensembl: ENSG00000177169)-induced autophagy by sponging miR-26a-5p in colorectal cancer cells.[@bib37] lncRNA H19 (Ensembl: ENSG00000130600) overexpression induces bortezomib resistance in multiple myeloma by targeting MCL-1 (Ensembl: ENSG00000143384) via miR-29b-3p.[@bib33] Multi-omics changes including those of the genome, transcriptome, and epigenome commonly contribute to drug responses and resistance in cancer. These results indicate that the multi-omics integration approach is an effective way to identify DRlncs in BRCA.

In the present study, a key DRlnc, HOXA-AS2 (Ensembl: ENSG00000253552), was identified in Adriamycin groups. Furthermore, we confirmed this finding by using cell lines and specimens of BRCA, with real-time quantitative PCR and colony formation assays. HOXA-AS2 (Ensembl: ENSG00000253552) is a lncRNA located between the *HOXA3* (Ensembl: ENSG00000105997) and *HOXA4* (Ensembl: ENSG00000197576) genes in the HOXA cluster. Recent studies indicated that HOXA-AS2 (Ensembl: ENSG00000253552) represses apoptosis in NB4 promyelocytic leukemia cells treated with transretinoic acid,[@bib38] promotes the proliferation of gastric cancer via P21/PLK3 (Ensembl: ENSG00000173846)/DDIT3 (Ensembl: ENSG00000175197),[@bib39] and accelerates tumorigenesis of hepatocellular carcinomas.[@bib27] The lncRNA HOXA-AS2 (Ensembl: ENSG00000253552) promotes proliferation and invasion of BRCA by acting as a miR-520c-3p sponge.[@bib40] Subsequent studies suggested that HOXA-AS2 (Ensembl: ENSG00000253552) was significantly overexpressed in a variety of tumors and was associated with poor prognoses of these tumors. The role of HOXA-AS2 (Ensembl: ENSG00000253552) in anticancer drug resistance has been confirmed in acute myeloid leukemia. A study showed that HOXA-AS2 (Ensembl: ENSG00000253552) was significantly upregulated in bone marrow samples from acute myeloid leukemia patients after treatment with Adriamycin-based chemotherapy.[@bib28] In our study, we also hypothesized that lncRNA HOXA-AS2 (Ensembl: ENSG00000253552) may contribute to the Adriamycin response in BRCA patients.

This study opens a new avenue to leverage publicly available molecular data to evaluate clinical drug responses, and contributes to realizing personalized medicine. We propose that the significant DRlncs may be regarded as new markers for drug resistance, which indicates a possible novel mechanism in BRCA. In the process of clinical treatment, DRlncs could act as specific biomarkers for use in deciding chemotherapy and evaluating treatment effects. In future studies, diverse BRCA subtypes, stages, and other clinical characteristics should be distinguished to identify DRlncs. More DRlncs should be validated by studies of tumor tissues, model animals, and cell lines. Taken together, identification of significant DRlncs will provide more chances for development of BRCA therapeutics and clinical drug use, as well as a better understanding of drug resistance mechanisms.

Materials and Methods {#sec4}
=====================

Molecular Expression and Clinical Information of BRCA Patients {#sec4.1}
--------------------------------------------------------------

Large-scale mRNA, lncRNA, and miRNA expression profiles (Illumina HiSeq), DNA methylation level profiles (Illumina Infinium HumanMethylation450 level 3), somatic mutation data (Illumina), clinical follow-up survival time, and clinical drug treatment records of cancer patients were obtained from The Cancer Genome Atlas (TCGA) data portal (TCGA, Release: 07-18-2019; [https://xenabrowser.net/datapages/?cohort=TCGA%20Breast%20Cancer%20(BRCA)&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443](https://xenabrowser.net/datapages/?cohort=TCGA%2520Breast%2520Cancer%2520(BRCA)&removeHub=https%253A%252F%252Fxena.treehouse.gi.ucsc.edu%253A443){#interref0010}). To filter genes, lncRNAs, miRNAs, and methylations not expressed across all BRCA samples, we excluded the items with expression values of 0 in all BRCA samples. To allow log transformation, any remaining expression values of 0 were set to the minimum value of all samples, and all values were log~2~ transformed. Log~2~ transformations were performed for genes, lncRNAs, miRNAs, and methylations. The somatic mutations that were annotated as confirmed SNPs were screened out.

Distinguishing Drug-Sensitive and -Resistant BRCA Patients {#sec4.2}
----------------------------------------------------------

All molecular information and clinical survival data of BRCA patients with drug treatment were retained for subsequent analysis. BRCA patients with "complete response" were considered as the drug-sensitive group. BRCA patients with "stable disease," "clinical progressive disease," and "partial response" were considered as the drug-resistant group. According to sample numbers, Adriamycin, Cytoxan, and Tamoxifen were extracted as candidate drugs to follow the analyses. In addition, all BRCA patients with indiscriminate use of drugs were also considered.

Method Workflow Overview {#sec4.3}
------------------------

The workflow was divided into three phases. First, the t test was used to identify the differential expression levels of lncRNAs, genes, miRNAs, and methylations between sensitive and resistant BRCA patients. Differentially expressed lncRNAs (p \< 0.05) were considered candidate lncRNAs for follow-up analysis. The numbers of somatic mutations in drug-sensitive and -resistant samples were counted. BEDTools was used to map all somatic mutations and methylation sites to lncRNAs.[@bib41] The experimentally validated gene-lncRNA and miRNA-lncRNA interactions were all obtained from the RAID 2.0 database[@bib42] (<http://www.rna-society.org/raid/>). Only gene-lncRNA and miRNA-lncRNA interactions supported by strong experiments were extracted. Second, DRlncs were identified by integrating multi-omics scores including scores of genes, miRNAs, methylations, and somatic mutations based on a multi-dimensional rank method. Finally, 1,000 randomly permuting multi-omics scores were performed to compare the final multi-dimensional rank risk scores with permutation risk scores to obtain significant results. p \< 0.05 of the permutation results was selected as a threshold value to generate significant DRlncs for BRCA.

Identification of DRlncs for Diverse Chemotherapeutic Drugs in BRCA {#sec4.4}
-------------------------------------------------------------------

An integrated computational workflow was designed to identify DRlncs for diverse chemotherapeutic drugs in BRCA. First, corresponding genes, miRNAs, methylation sites, and somatic mutations for all candidate differentially expressed lncRNAs of diverse chemotherapeutic were extracted. The individual scores were represented by their p values. The scores were represented by minimum values if there were a number of corresponding genes, miRNAs, or methylation sites for the same lncRNA. Second, somatic mutation scores were calculated as follows:$$s_{mut} = \frac{1}{\left| {N_{sensitive} - N_{resis\ \tan\ t}} \right|}$$where S~mut~ represented the score of somatic mutation, and N~sensitive~ and N~resistant~ represented the number of somatic mutations for a lncRNA in sensitive and resistant BRCA patients. Third, an equally weighted multiple ranking approach was conducted based on four risk scores, including S~gene~, S~miRNA~, S~meth~, and S~mut~, for each lncRNA to generate the last risk score.[@bib43] After this step, each lncRNA was assigned a final risk score and ranked by these final risk scores. The lncRNAs were considered as DRlncs if their permutation p values were smaller than 0.05. Thus, some DRlncs were discovered for diverse chemotherapeutic drugs in BRCA.

Construction of a DRlnc-Gene Co-expression Network for Diverse Chemotherapeutic Drugs in BRCA {#sec4.5}
---------------------------------------------------------------------------------------------

Pearson's correlation coefficients were calculated for each interacting DRlnc-gene pair based on gene and lncRNA expression profiles for diverse chemotherapeutic drugs in BRCA. The significantly co-expressed (p \< 0.05) DRlnc-genes were extracted for constructing networks. The co-expressed networks for diverse chemotherapeutic drugs in BRCA were constructed using Cytoscape 3.3.0 (<https://cytoscape.org/>). In addition, the degree analysis and R^2^ score were also performed by Cytoscape.

Survival Analysis of DRlncs in BRCA Patients {#sec4.6}
--------------------------------------------

For each DRlnc of chemotherapeutic drugs in BRCA, we classified samples into two groups based on median values of lncRNA expression values. Kaplan-Meier survival analysis was performed for the two clustered groups, and statistical significance was assessed using the log rank test. p \< 0.05 was regarded as statistically significant. All analyses were performed within the R 3.2.3 framework (<https://www.r-project.org>).

Functional Enrichment Analysis for DRlncs for Diverse Chemotherapeutic Drugs in BRCA {#sec4.7}
------------------------------------------------------------------------------------

DRlncs in diverse chemotherapeutic drugs were selected for GO functional enrichment analysis. Online Enrichr tool (<http://amp.pharm.mssm.edu/Enrichr/>) was used with default parameters for functional enrichment.[@bib44] We identified enriched GO terms (p \< 0.01) for diverse chemotherapeutic drugs in BRCA.

Cell Lines and BRCA Specimens {#sec4.8}
-----------------------------

The BRCA cell lines (T47D and MDA-MB-231) were obtained from the Chinese Type Culture Collection, Chinese Academy of Science (Beijing, China). T47D cells were maintained in Dulbecco's minimal Eagle's medium supplemented with 10% fetal bovine serum. MDA-MB-231 cells were cultured in Leibovitz's L-15 Medium containing 10% fetal bovine serum. All cells were cultured in a humidified atmosphere containing 5% CO~2~ and at 37°C.

Fresh BRCA tissues were obtained from 60 patients who received no anticancer treatment before undergoing surgery in the Department of General Surgery of The Second Affiliated Hospital of Harbin Medical University, Harbin, China, between January 2012 and January 2014. Specimens from another 60 patients who received neoadjuvant chemotherapy before surgery were also collected. All patients provided consent according to the ethical standards of the Declaration of Helsinki. The study was approved by the Ethics and Scientific committee of Harbin Medical University. All specimens were frozen at −80°C after surgical resection.

Quantitative Real-Time PCR {#sec4.9}
--------------------------

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized under standard conditions. Real-time PCR was performed by using the SYBR Green kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's instructions. The HOXA-AS2 (Ensembl: ENSG00000253552) expression was normalized to 18S tRNA for each sample. The primers for quantitative real-time PCR detection are listed as follows: HOXA-AS2 (Ensembl: ENSG00000253552), 5′-CCCGTAGGAAGAACCGATGA-3′ (forward) and 5′-TTTAGGCCTTCGCAGA CAGC-3′ (reverse); 18S rRNA, 5′-GTAACCCGTTGAACCCCATT-3′ (forward) and 5′-CCATCCAATCGGTAGTAGCG-3′ (reverse). The quantitative real-time PCRs were repeated three times. Relative RNA expression was calculated using the ^−ΔΔ^Ct method.

Colony Formation Assay {#sec4.10}
----------------------

Indicated BRCA cells were seeded in six-well plates at the density of 1,000 cells/well and cultured in medium for 2 weeks. The cells were then washed with phosphate-buffered saline and fixed in methanol for 20 min. Crystal violet was used to stain the cells for 15 min, after which the cells were photographed using a digital camera.
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